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@> Fast tunable channel dropping filter. 

(5?) A channel dropping filter includes three fre- 
quency routing devices (30,31,32). one which 
functions as an input device (30) and two which 
function as output devices (31,32). The first 
frequency routing device has one input (16) for 
receiving the input signal and at least N outputs, 
where N corresponds to the number of fre- 
quencies that compose the input signal. The N 
outputs of the first frequency routing device are 
each coupled to. an optical switch (21). Each 
optica) switch has a first output coupled in 
consecutive order to one of the N inputs 
(16 1 ,...16 N ) of the first output frequency routing 
device (31) and a second output coupled in 
consecutive order to one of the N inputs 
(16 V ...16 N ) of the second output frequency rout- 
ing device (32). A controller is employed to 
selectively switch the optical switches between 
first and second states for directing each opti- 
cal frequency component demultiplexed by the 
first frequency routing device to the first and 
second output frequency routing device, re- 
spectively. 
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TECHNICAL FIELD 

This invention relates to optical communications 
systems. More particularly, this invention relates to a 
fast tunable channel dropping filter used in optical 
communications systems. 

BACKGROUND 

The capacity and speed of communications sys- 
tems may be increased by transmitting information in 
optical form over networks composed of optically 
transmissive nodes, fibers, and the like. High capaci- 
ty optical communications systems require that many 
optical signals be frequency division multiplexed in 
the components of an optical network. Receivers 
must be configured such that a desired optical fre- 
quency or band of frequencies may be retrieved from 
a group of many optical frequencies. This necessi- 
tates the provision of suitable optical filters such as a 
tunable channel dropping filter for dividing out one or 
more component frequencies from a multiplexed sig- 
nal composed of a large number of frequencies. Until 
now, there has been no convenient approach to div- 
iding out one or more optical frequencies with an ex- 
tremely rapid response time. 

SUMMARY 

In accordance with this invention, a fast optical 
tunable channel dropping filter has been developed. 
The optical filter in accordance with this invention 
may be based upon photonic integrated circuitry 
which can provide very sharp transitions between the 
various passbands. 4 

In one example of the invention, Applicants have 
realized that integrated optical multiplexers and de- 
multiplexers disclosed, for example, in U.S. Patent 
Nos. 5,002,350 and 5,136,67 may be used to create 
a monolithic optical tunable channel dropping filter. In 
specif ic terms, this example of the invention compris- 
es three frequency routing devices, one which func- 
tions as an input device and two which function as 
output devices. The first frequency routing device has 
one input for receiving the input signal and at least N 
outputs, where N corresponds to the number of fre- 
quencies that compose the input signal. The N out- 
puts of the first frequency routing device are each 
coupled to an optical switch. Each optical switch has 
a first output coupled in consecutive order to one of 
the N inputs of the first output frequency routing de- 
vice and a second output coupled in consecutive or- 
der to one of the N inputs of the second output fre- 
quency routing device. A controller is employed to se- 
lectively switch the optical switches between first and 
second states for directing each optical frequency 
component demultiplexed by the first frequency rout- 
ing device to the first 1 5 and second output frequency 



routing device, respectively. 

In another example of the invention, the filter em- 
ploys only two frequency output devices. Specifical- 
ly, the input frequency routing device has an input for 
5 receiving a signal composed of a plurality of multi- 
plexed optical frequencies and a plurality of outputs. 
The output frequency routing device has a plurality of 
inputs and at least two outputs. Each of the outputs 
of the input frequency routing device corresponds in 

10 a consecutive order to one of the inputs of the output 
frequency routing device. Aswitch is employed for se- 
lectively directing demultiplexed optical frequency 
components of the signal from each of the outputs of 
the input frequency routing device to either the corre- 

15 sponding input of the output routing device or an input 
of the output routing device adjacent to the corre- 
sponding input. As a result, the plurality of multiplexed 
optical frequencies is arranged into at least two mul- 
tiplexed output signals which are each directed to a 

20 different one of the outputs of the output frequency 
routing device. In particular, those frequency compo- 
nents directed to the corresponding input will be di- 
rected to a first output waveguide of the output fre- 
quency routing device while those frequency compo- 

25 nents directed to the adjacent input will be directed to 
a second output waveguide of the output frequency 
routing device. 

In this second example of the invention the mech- 
anism employed for directing the frequency compo- 

30 nents to the appropriate input of the output frequency 
routing device may be composed of a plurality of wa- 
veguides, optical switches and optical couplers. Each 
waveguide connects one of the outputs of the input 
device to the corresponding input of the output device 

35 through an optical switch and an optical coupler are 
arranged in series with each of the waveguides. The 
optical switch directs the demultiplexed frequency 
component to the optical coupler and the input wave- 
guide of the output device in series therewith. Alter- 

40 natively, the optical switch directs the demultiplexed 
frequency component to the adjacent optical coupler 
1 5 and the adjacent input waveguide of the output de- 
vice. 

These are only two examples of the invention. 
45 The full scope of the invention entitled to an exclu- 
sionary right is set forth in the claims at the end of this 
application. 

BRIEF DESCRIPTION OF THE DRAWINGS 

50 

FIG. 1 is a diagram of an example of an optical 
tunable channel dropping filter in accordance with 
this invention. 

FIGS. 2(a) and 2(b) are diagrams of the f requen- 
55 cy routing devices employed in the optical channel 
dropping filter of this invention. 

FIG. 3 is a diagram of an alternative example of 
an optical tunable channel dropping filter in accor- 
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dance with this invention. 

FIG. 4 is a diagram illustrating the details of the 
frequency routing devices shown in FIG. 2. 

DETAILED DESCRIPTION 

FIG. 1 shows an example of the tunable channel 
dropping filter of the present invention. It is composed 
of three frequency routing devices 30, 31 and 32 cou- 
pled by waveguides and optical switches. These 
structures may be monolithicaliy integrated on a serrv 
iconductrve wafer. They may be created by known 
photolithographic techniques. 

The frequency routing devices employed in the 
present invention operate as multiplexers and demul- 
tiplexers of optical frequencies. The details of their 
construction and operation are more fully described 
in U.S. Patent Nos. 5,002,350 and 5,136,671 to Dra- 
gone, the entire contents of which are hereby incor- 
porated by reference into this application. Before the 
tunable filter of the present invention is described, the 
pertinent features of the frequency routing devices 
will be reviewed. 

FIGS. 2(a) and (b) show a functional illustration 
of a routing device 12 of the type employed in the 
present invention. In general, the routing device may 
have N input waveguides and M output waveguides to 
form an NxM frequency routing device. For example, 
the routing device 12 shown in Fig. 1 (a) has four input 
waveguides 16 1t 16 2 , 16 3 , 16 4 and four output wave- 
guides 18, 18 2 , 18 3 , 18 4 . In general, for a frequency 
routing device of a given design, the output wave- 
guide to which a particular frequency component will 
be directed is a function of the frequency and the par- 
ticular input waveguide to which the frequency com- 
ponent is directed. The routing device 12 can be con- 
figured to demultiplex preselected input optical fre- 
quencies directed to any of its input waveguides. For 
example, as seen in FIG. 2(a), if a multiplexed signal 
composed of preselected frequencies F,, F 2 , F 3 , F 4 is 
directed to the first input waveguide 16, of the routing 
device 12, frequency F lt will be directed to output wa- 
veguide 18 1t frequency F 2 will be directed to output 
waveguide 18 2 , frequency F 3 will be directed to output 
waveguide 18 3 , and frequency F 4 will be directed to 
output waveguide 18 4 . The details of constructing an 
appropriate frequency routing device for demultiplex- 
ing and multiplexing a series of preselected frequen- 
cy components is disclosed in the above referenced 
patents. 

FIG. 2(b) illustrates the manner in which the opt- 
ical signal is demultiplexed by the frequency routing 
device seen in FIG. 2(a) if it is directed to the second 
input waveguide 1 6 2 rather than the first input wave- 
guide 16,. In this case frequency F, will be directed 
to output waveguide 18 2 , frequency F 2 will be directed 
to output waveguide 1 8 3 , frequency F 3 will be directed 
to output waveguide 1 8 4 , and frequency F 4 will be di- 



rected back up to output waveguide 18, since the 
routing device 12 only has four output waveguides. If 
the routing device 12 is provided with a fifth output 
waveguide 18 5 (shown in dashed lines in FIG. 2(b) ) 

5 to form a 4x5 routing device, frequency F 4 will appear 
on this fifth output waveguide instead of on the first 
output waveguide 18,. 

The routing devices discussed above are sym- 
metrical in operation. For example, assuming the 

10 routing device shown in FIG. 2(a) is a 5x5 routing de- 
vice, if frequencies F 1f F 2 , F 3 , F 4 are directed to wa- 
veguides 18,, 182, 18 4 and 18 5 , respectively (which 
now function as input waveguides), frequencies F, 
and F 2 will be output on waveguide 16, and frequen- 
ts cies F 3 and F 4 will be output on waveguide 16 2 . 

A general property of the frequency routing de- 
vice seen in FIG. 2, which is configured to demultiplex 
and multiplex a given set of frequency components, 
is suggested by FIGS. 1 and 2. Specifically, if an opt- 

20 ical signal is directed to any selected input waveguide 

16,, the first frequency component of the signal will - v.* 

appear on output waveguide 18,. Subsequent fre- . .yV 

quency components will appear on the successive * : 

output waveguides (i.e., the second frequency com- r 

25 ponent will appear on output waveguide 180+,), the ' ' 

third frequency component will appear on output wa- 
veguide 18 ( |+ 2> , etc.). 

Returning to FIG. 1, the tunable channel drop- > ^ 

ping filter 35 of the present invention is composed of 

30 three frequency routing devices 30, 31 and 32. The \.c 

first routing device 30 in which the input signal is di- / ; W 

rected is a 1xN routing device, where N is the number 
of frequencies contained in the multiplexed input sig- 
nal. The second and third routing devices 31 and 32 

35 are each Nx1 routing devices. The N output wave- 
guides 18,,18 2 18 N of the first routing device 30 

are each coupled to an optical switch 21 „ 21 2 21 N , 

respectively. Each optical switch has two outputs. 
The first output of the switches 21,, 21 2 21 N are 

40 connected to the inputs 16,, 16 2 , 16 N , respective- 
ly, of the second routing device 31. Similarly, the sec- 
ond output of the switches 21,. 21 2 , .... 21 N are con- 
nected to the inputs 16,, 16 2 respectively, of the 

third routing device 32. In other words, for each opti- 

45 cal switch 21 1, where 1 ^ i ^ N. its first output is cou- 
pled to input waveguide 16| of the second routing de- 
vice 31 and its second output is coupled to input wa- 
veguide 1 6j of the third routing device 32. Accord ingly, 
the signal that is input to the optical switch from the 

50 first routing device 30 will be ultimately directed to the 
output of either the second routing device 31 or the 
third routing device 32 based on the state of the 
switch. Such optical switches and the corresponding 
control means are known devices and hence will not 

55 be discussed further. The tunable channel dropping 
filter 35 operates as follows. A multiplexed signal 
composed of frequencies F, f F 2t ... F N is input to the 
first frequency routing device 30. The first routing de- 
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vice 30 demultiplexes the input signal so that each 
frequency F, is directed to output waveguide 18,. De- 
pending on the states of the individual optical 
switches, each frequency F, will be directed to the in- 
put waveguide 16, of either the second or third routing s 
device 31 or 32. In particular, if optical switch 21, is in 
a first state, frequency F, will be directed to input wa- 
veguide 16, of the second routing device 31. Alterna- 
tively, if optical switch 21, is in a second state, fre- 
quency F, will bedirected to input waveguide 16, of the 10 
third routing device 32. 

Those individual frequencies F, which are direct- 
ed to the corresponding inputs 1 6, of the second rout- 
ing device 31 will be multiplexed so that a single mul- 
tiplexed signal is directed to the output waveguide 1 8, is 
of the second routing device 31. Similarly, those in- 
dividual frequencies Fj which are directed to the cor- 
responding inputs 16j of the third routing device 32 
will be multiplexed so that a single multiplexed signal 
is directed to the output waveguide 18! of the third 20 
routing device 32. Accordingly, a multiplexed signal 
directed to the input of the filter 35 has its individual 
frequency components directed to one of two output 
waveguides in accordance with the state of the optical 
switch through which each frequency component 25 
must pass. 

Each optical switch 21 1t 22 2 22 N can be 

switched between states independently of the re- 
maining optical switches by employing appropriate 
control means. As a result, the frequency compo- 30 
nents of the optical input signal can be divided be- 
tween the two output waveguides in any manner de- 
sired. For example, in FIG. 1 optical switches 21 1t 
21 3 , .... and21 N are in a first state so that frequencies 

Fi» F3 Fn a**© directed as a multiplexed signal to 35 

the output waveguide 18 1 .of the second routing de- 
vice 31. Optical switch 21 2 is in a second state and 
thus frequency F 2 is directed to the output waveguide 
1 8, of the third routing device 32. As a result of the 
particular combination of optical switch states that 40 
were chosen for this example, the multiplexed output 
signal directed to output waveguide 1 8, of the second 
frequency routing device 31 corresponds to the input 
signal except that one frequency or channel (i.e., fre- 
quency FJ has been dropped from the signal. 45 

FIG 3 shows an alternative example of the inven- 
tion which requires only two frequency routing devic- 
es but which employs both optical switches and opti- 
cal couplers. As with the first example of the inven- 
tion, these components may be all monolithically in- so 
tegrated on a single semiconductive wafer. In this 
case the first routing device 230 is a 1x(N-1) routing 
device and the second routing device 231 is an Nx2 
routing device. To reduce the complexity of the filter, 
it may be advantageous to employ a first routing de- 55 
vice that also has N outputs (i.e., a 1xN frequency 
routing device) where the Nth output waveguide is un- 
used. The output waveguides 218,, 218 2 218^ n) 



of the first routing device 230 are connected to the 

optical switches 221 1t 221 2 221 (N . 1)T respectively. 

In this case the first output 218, of each optical switch 
221, is connected to the input waveguide 216, of the 
second routing device 231 via an optical coupler 237, 
such as a 3dB optical coupler which is inserted in ser- 
ies with the input waveguide 216,. The second output 
of each optical switch 221, is connected to the input 
waveguide 216 (K1) of the second routing device 231 
via the optical coupler 237 (M) that is in series with the 
input waveguide 216^1). In other words, each output 
waveguide of the first routing device is coupled in 
consecutive order to the corresponding input of the 
second routing device via the first output of the optical 
switch in series therewith. Each output waveguide of 
the first routing device is also coupled in consecutive 
order to the subsequent or adjacent input of the sec- 
ond routing device via the second output of the optical 
switch in series therewith. 

The example of the tunable channel dropping fil- 
ter 235 shown in FIG. 3 operates as follows. The mul- 
tiplexed signal composed of frequencies F 1t F 2 , .... 
F (N _ d is demultiplexed by the first frequency routing 
device 230 so that each F, is directed to output wave- 
guide 218j. Depending on the states of the individual 
optical switches, each frequency F, will be directed to 
either input waveguide 216, or adjacent input wave- 
guide 216 (K1) of the second routing device 231 
through the optical couplers. In particular, if optical 
switch 221, is in a first state, frequency F, will be di- 
rected to input waveguide 216, of the second routing 
device 231. Alternatively, if optical switch 221, is in a 
second state, frequency F, will be directed to input wa- 
veguide 216 (H . 1} of the second routing device 231. 

Those individual frequencies F, which are direct- 
ed to the corresponding inputs 216, of the second 
routing device 231 will be multiplexed by the second 
routing device 231 so that a single multiplexed signal 
is directed to the first output waveguide 218, of the 
second routing device 231 . However, as a result of the 
general property of the frequency routing device dis- 
cussed above, those individual frequencies Fj ap- 
pearing on output waveguides 218j of the first routing 
device 230 which are directed to the adjacent inputs 
216 0+1) of the second routing device 231 will be mul- 
tiplexed by the second routing device 231 so that a 
single multiplexed signal is directed to the second out- 
put waveguide 21 82 of the second routing device 231 . 
Accordingly, just as with the example of the filter 35 
shown in FIG. 1, a multiplexed signal directed to the 
input of the filter 235 shown in FIG. 3 has its individual 
frequency components directed to one of two output 
waveguides in accordance with the state of the optical 
switch through which each frequency component 
must pass. 

In FIG. 3, optical switches 221 lf 221 3 ,... 221 (N _ 2) , 
are all shown in a first state so that frequencies F 1t 
F3. F<n- 2) are directed as a multiplexed signal to the 
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output waveguide 21 8, of the second routing device 
231. Optical switches 221 2 and 221 (N _ u are in a sec- 
ond state and thus frequencies F 2 and F (N . t) are di- 
rected to the output waveguide 2182 of the second 
routing device 231 . As a result of the particular com- 5 
bination of optical switch states that were chosen for 
this example, the multiplexed output signal directed to 
output waveguide 218 1 of the second frequency rout- 
ing device 231 corresponds to the input signal except 
that two frequencies or channels (i.e., frequencies F 2 10 
and F (N _ 1} ) have been dropped from the signal. 

FIG. 4 shows the pertinent details of the frequen- 
cy routing devices employed in the invention. All of 
these devices may have identical configurations ex- 
cept for, possibly, the differing numbers of input and 1 5 
output waveguides that are employed. Each frequen- 
cy routing device contains a plurality of input wave- 
guides 26 connected to a free space region 28. A plur- 
ality of output waveguides 40 extends from the free 
space region 28 and is connected to an optical grad- 20 
ing 42. The optical grading 42 comprises a plurality of 
unequal length waveguides which provides a prede- 
termined amount of path length difference to a corre- 
sponding plurality of input waveguides 44 connected 
to another free space region 46. The free space re- 25 
gion 46 is connected to a plurality of output wave- 
guides 38. These frequency routing devices operate 
as multiplexers and demultiplexers of optical frequen- 
cies. As noted above, details of their construction and 
operation are more fully described in the U.S. patent 30 
No. 5,136,671 to Dragone. In the case of the frequen- 
cy routing device 30 seen in FIG. 1, the input wave- 
guide 16 corresponds to one of the input waveguides 
26 shown in FIG. 4. In the case of the frequency rout- 
ing device 31 seen in FIG. 1, the output waveguide 35 
1 8, corresponds to one of .the output waveguides 38 
shown in FIG. 4. Similarly, in the case of the frequen- 
cy routing device 32 seen in FIG. 1, the output wave- 
guide 18, corresponds to one of the output wave- 
guides 38 shown in FIG. 4. The.example of the filter 40 
shown in FIG. 3 employs the frequency routing device 
shown in FIG. 4 in a manner similar to that discussed 
in connection with the filter shown in FIG. 1. 
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An optical channel dropping filter comprising: 

an input frequency routing device having 
an input for receiving a signal composed of a plur- 50 
ality of multiplexed optical frequencies; and 

at least first and second output frequency 
routing devices responsive to the input frequency 
routing device, the first and second output fre- 
quency routing devices having respective first 55 
and second outputs, the first output carrying at 
least one of the multiplexed optical frequencies 
and the second output carrying the remainder of 



the optical frequencies. 

2. The filter of claim 1 further comprising means for 
selectively directing demultiplexed optical fre- 
quency components of the plurality of multi- 
plexed optical frequencies from the input fre- 
quency routing device to an input of either the 
first or second output frequency routing device. 

3. The filter of claim 1 wherein said input frequency 
routing device has at least N outputs, N > 1 , each 
for receiving a demultiplexed optical frequency 
component of the plurality of multiplexed optical 
frequencies, and further comprising: 

at least N optical switches each coupled to 
one of said outputs of the input frequency routing 
device, said optical switches each having a first 
output coupled in consecutive order to one of N 
inputs of the first output frequency routing device 
and each having a second output coupled in con- 
secutive order to one of N inputs of the second 
output frequency routing device. 

4. The filter of claim 3 further comprising control 
means for selectively switching the optical 
switches between first and second states for di- 
recting each demultiplexed optical frequency 
component to the first and second: output fre- 
quency routing device, respectively. 

5. The filter of claim 4 wherein said control means 
switches the state of each of said optical switches 
independently of every other optical switch. 

6. A tunable optical filter comprising: 

an input frequency routing device having 
an input for receiving a signal composed of a plur- 
ality of multiplexed optical frequencies, the input 
frequency routing device further having at least 
one output; 

an output frequency routing device having 
at least two outputs; and 

means for selectively directing demulti- 
plexed optical frequency components of the plur- 
ality of multiplexed optical frequencies from the 
at least one output of the input frequency routing 
device to either a first input of the output routing 
device or a second input of the output routing de- 
vice. 

7. The filter of claim 6 wherein said directing means 
comprises: 

a waveguide connecting the at least one 
output of the input device to the first input of the 
output device; and 

an optical switch and an optical coupler ar- 
ranged in series with the waveguide. 
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8. The filter of claim 7 wherein the optical coupler 
optically couples the output of the input frequen- 
cy routing device in series therewith to both the 
first and second inputs of the output device. 

5 

9. The filter of claim 6 wherein the input frequency 
routing device has a second output and the out- 
put frequency device has a third input, and fur- 
ther comprising: means for selectively directing 
demultiplexed optical frequency components of w 
the plurality of multiplexed optical frequencies 
from the second output of the input frequency 
routing device to either the second input of the 
output routing device or the third input of the out- 
put routing device. 75 

10. The filter of claim 9 wherein said directing means 
comprises: 

a second waveguide connecting the sec- 
ond output of the input device to the second input 20 
of the output device; and 

a second optical switch and a second opt- 
ical coupler arranged in series with the second 
waveguide. 

25 

11. The filter of claim 10 wherein the second optical 
coupler optically couples the second output of the 
input frequency routing device in series therewith 
to both the second and third inputs of the output 
device. 30 
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cy routing devices (30,31 ,32), one which functions as an 
input device (30) and two which function as output de- 
vices (31 .32). The first frequency routing device has one 
input (16) for receiving the input signal and at least N 
outputs, where N corresponds to the number of frequen- 
cies that compose the input signal. The N outputs of the 
first frequency routing device are each coupled to an op- 
tical switch (21 ). Each optical switch has a first output 
coupled in consecutive order to one of the N inputs 
(16 1f ...16 N ) of the first output frequency routing device 
(31) and a second output coupled in consecutive order 
to one of the N inputs (16 1 ,...16 N ) of the second output 
frequency routing device (32). A controller is employed 
to selectively switch the optical switches between first 
and second states for directing each optical frequency 
component demultiplexed by the first frequency routing 
device to the first and second output frequency routing 
device, respectively 
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